Atomic scale properties of quadrupole coupling constants (C Q ) have been evaluated for singular and paired 5-fluorouracil (FU) models. Structural possibilities and properties for various types of hydrogen bonded (HB) homo pairs of FU have been investigated based on density functional theory (DFT) calculations. The models have been optimized to obtain the minimum energy level structures and only the planar molecular pairs have been considered. Various types of HB interactions have also managed the molecular shapes for the FU pairs. Different types of energies and also electron transferring properties have been investigated by the evaluated optimized properties. The atomic scale results indicated different strengths of HB interactions for FU pairs according to the changes of C Q properties for atoms in the singular and paired systems depending on the strength of interactions.
Introduction
Uracil, the characteristic nucleobase of ribonucleic acid (RNA), is capable of contributing to hydrogen bonding (HB) interactions with another uracil or other molecules [1, 2] . It is well know that the HB interactions are among the most important inter-and intra-molecular interactions especially in living biological systems [3] . Several interactions between biological molecules could be taken place because of HB interactions, so HB is critical for the building blocks of life [4] . The presence of HB interactions is also essential for the proper ligand -receptor connections in drug deliveries [5] . Furthermore, several specific chemical and biochemical systems exist because of the strong and weak HB interactions between molecular counterparts [6, 7] . In addition to HB interactions between hetero molecular counterparts, the properties for HB interactions between homo molecules of nucleobases are also important and they are worth to investigate [8] [9] [10] . In real systems, the first candidate for a nucleobase to interact is another nucleobase molecule of the same type in a homo pair interacting system [11] . The possibilities of existence and properties of homo base pairs of uracil have been investigated by earlier studies [12] [13] [14] [15] . In fact, the effects of HB interactions on the original properties of a molecule could be systematically investigated in paired systems, simply avoiding the complexity of multi component systems [16] . The number of homo interacting uracil molecules could be increased as dimer, trimer, and tetramer, up to polymers defining their amorphous or crystalline structures [17] . Classical HBs are defined between two atoms of nitrogen, oxygen, and fluorine electronegative atoms, but they could also exist between carbon atoms as a non-classical type [18] . It is important to note that the weak interactions are dominant to predict the three-dimensional structures of the complex systems [19] . In complementary to experimental measurements, quantum chemical calculations could yield insightful information for the weak HBs properties in paired systems [20] . As a matter of fact, computational results could be considered either prior to the experiments to predict and/or after the experiments to understand and interpret the molecular systems [21, 22] .
Within this work, possible molecular pairs of 5-fluorouracil (FU) (Figs. 1-3) through HB interactions are investigated from firstprinciples calculations based on density functional theory (DFT). FU, which has been used for therapies of various types of cancers for a long time, is a carbon-five fluorinated derivative of uracil nucleobase [23] . FU is an efficient drug for cancer therapies, but several side effects were reported for the patients using this drug [24] . Therefore, characterization and understanding of the electronic and structural properties of FU is still an appealing topic of research [25] [26] [27] . Parallel to original uracil, FU molecules could also contribute to classical and non-classical HB interactions to make FU pairs. Using this possibility, we investigated various types of the HB interacted pairs of FU including C@OÁ Á ÁHAN, C@OÁ Á ÁHAC, CAFÁ Á ÁHAN, and CAFÁ Á ÁHAC interactions. The major goal of this work is to characterize the stable configurations as well as the properties of homo pairs of FU (Figs. 2 and 3 ) to recognize the effects of HB interactions on the atomic and molecular level properties of FU. To this aim, various parameters (Tables 1-4) have been evaluated for lone and paired FU structures including the different conditions of paired FU structures in order to compare HB effects on the original properties.
Computational details
DFT computations of this work have been done employing the B3LYP exchange-correlation functional and the 6-311++G
⁄⁄ standard basis set as implemented in the Gaussian 98 package [28] . The investigated models are the singular FU ( Fig. 1 ) and all possible HB interacted homo molecular pairs (Figs. 2 and 3 ). Two sets of FU pairs have been constructed including only OÁ Á ÁH interactions for the first set ( Fig. 2) and OÁ Á ÁH/FÁ Á ÁH interactions for the second set ( Fig. 3) . Note that all possibilities for making homo molecular pairs have been considered to make the FU pairs in eleven available forms (Figs. 2 and 3) . The model structures including singular FU and various pairs have been optimized to obtain the corresponding minimum energy structures, in which the optimized structures and bond lengths are exhibited in the panels of Figs. 1-3. To confirm the global minimum points, frequency calculations have been also performed for the optimized structures; all structures have been approved. Even though the 6-311++G ⁄⁄ is a large-size basis set, the basis set superposition error (BSSE) has been still examined for the models [29, 30] , and the results show that the changes of magnitudes of energies are almost negligible. The properties of optimized structures including total energies (E T ), binding energies (E B ), energy levels for the highest occupied and the lowest unoccupied molecular orbitals (E HOMO and E LUMO ), magnitudes of energy differences for receiving and releasing one electron (DE ETÀ and DE ET+ ), and dipole moments (D M ) are listed in Table 1 . The magnitudes for total energies, molecular orbital energies, and dipole moments have been directly obtained from computational results.
To evaluate the binding energies, the energy differences between the obtained total energy of each pair and the duplicated energy of singular FU have been used. For energy differences in one electron transferring, the single point energies have been calculated for the ionic forms and then the energy differences between the ionic and neutral forms have been calculated. To better recognize the changes of properties for the investigated FU pairs through HB interactions, quadrupole coupling constants (C Q ) have been evaluated for each atom of the optimized singular FU and paired structures (Tables 3 and 4 ). The magnitudes of C Q imply for the interaction energies between nuclear electric quadrupole moment (Q) and electric field gradient (EFG) tensors (|q zz | > |q yy | > |q xx |) at the electronic sites of atoms [31] . To calculate the exact magnitudes for C Q , the equation C Q (MHz) = e 2 Qq zz h À1 is used, in which the standard values for Q are employed [32] . The C Q properties could yield insightful information about the characteristics of matters because the originated EFG tensors from the electronic sites of atoms could indicate the effect of any perturbation [33, 34] . Electrons are partially shared between atoms to make HB interactions; therefore, the C Q properties could determine the atomic contributions to the HB interactions [33, 34] . The magnitudes of C Q could be experimentally measured by nuclear quadrupole resonance (NQR) spectroscopy and they could be also [37] , equilibrium values, (all)CCSD(T)/wCVTZ computations. e Ref. [35] , equilibrium values, CCSD(T)/cc-pVTZ computations.
reproduced by computations [31] . It is an advantage of high level quantum chemical calculations to produce reliable spectroscopic properties prior to experiments for predictions, or after the experimental achievements for better explanations of the results [21, 22] . To validate the obtained results of this work, the values were compared with the achievements of parallel studies on the uracil-related compounds, in which the overall achievements are compatible [2, 13, 14, [35] [36] [37] . The fluoride functional group makes FU as a different structure in comparison with uracil or other derivatives especially in the interacting systems; therefore, the results of monomer are preferred to be compared in this case. In an earlier work [14] , the dependencies of C Q properties of temperature of crystallization were investigated by DFT calculations, in which the values of C Q properties of atoms were significantly different compering to structures at different temperatures. In order to validate our methodology, we compared the available calculated and experimental values of C Q properties for uracil and 2-thiouracil with the B3LYP/6-311++G
⁄⁄ results (Table 2 ). It is shown that C Q of nitrogen atoms are closer to the experiments than those of oxygen atoms, which are overestimated by computations as mentioned before [2] . However, our equilibrium C Q parameters are similar to previously reported DFT ones for oxygen atoms of uracil [2] , and agree well with CCSD (T) estimates for nitrogen atoms of uracil [37] and 2-thiouracil [35] . Since we are comparing the results with paired models, this overestimation could be somehow neglected as the amount of changes of magnitudes through paired structures are important for us. It is noted that the mission of computational studies in not only to regenerate the exact values of experimental properties, but also to interpret what is happening inside the complex systems which is the main aim of this work. In the case of reproducing the exact experimental parameters, the model system in computations could be considered as much similar to real environment as possible in addition to a good theoretical method. In addition to employed theoretical levels, crystallographic information, investigating possible positions for other molecules around the target one, and solvent media are all very much important to reproduce better comparable parameters with the experiments [2, 9, 29] . In some cases, the computed results could also help to understand what happens in the real systems by modifying the molecular system of exploring crystalline effects [39] . However, in all cases, having the standard theoretical methodologies are important to achieve the purpose.
Results and discussion
The results of computations on singular FU ( Fig. 1 ) and two sets of paired molecules (Figs. 2 and 3) are summarized in Tables 1-4 and the optimized bond lengths are directly exhibited for the corresponding bonds in the panels of figures. There are six atomic positions in FU possible for interactions with other molecules like another FU through HBs. Therefore, all possibilities of intermolecular interactions have been considered to make paired molecules of FU according to examining contributions of all atomic positions to the HB interactions. The amine nitrogen atoms and the keto oxygen atoms are the main positions for making strong HB interactions. Moreover, the fluorine atom and the hydrogen atom number six are the other possible positions for contributing to HB interactions. As a result, the paired structures are divided into two sets of pairs based on types of interactions; the first set includes only keto -amine interactions (Fig. 2) whereas the fluorine atoms and the hydrogen atom number six also participate in HB interactions in addition to keto -amine interactions in the second set (Fig. 3) . The optimized geometries of paired molecules show that the intermolecular distance between two molecules is larger in the second set comparing with the first set. This is due to the strength of HB interactions and also the positions of participating atoms towards each other for contributing to interactions. The eleven considered FU pairs are all in planar system. According to the results of binding energies of Table 1 , which are obtained by energy differences between the paired and singular FU structures, the most energetic binding is taken place for panel (a) and the least energetic one is for panel (k). Comparing the binding energies of the first and second sets of FU pairs indicates that the formations of the first set, which are dependent on C@OÁ Á ÁHAN type of HB interactions, are more energetically favorable than the second set, which are dependent on C@OÁ Á ÁHAN, C@OÁ Á ÁHAC, CAFÁ Á ÁHAN, and CAFÁ Á ÁHAC types of HB interactions. The strength of binding is reduced in the second set due to different types of participating HB interactions whereas the strong classical HB interactions are only managing the properties for the first set of FU pairs. The trend of the binding energies of two pairs set are in agreement with the longer intermolecular distances of two molecules in the second set in comparison with the first set. The obtained energies of the molecular orbitals indicate that the energy levels are changed among the molecular systems. From singular FU to molecular pairs, both the levels of HOMO and LUMO and also the separations between the two levels are changed. In all pair cases, the separations between HOMO and LUMO are reduced in comparison to the singular FU. In order to estimate the one-electron transferring of FU structures, the energy differences between neutral and ionic forms have been evaluated for both singular FU and molecular pairs. The results indicated that receiving electron is unfavorable for singular FU but it is improved in the molecular pair cases as could be seen by the positive magnitude of energy difference for singular FU, but negative ones for the paired molecules. Different behavior is observed in the magnitudes of energy differences among anionic and cationic forms of the investigated molecular pairs. Interestingly, the energy difference magnitude for the cationic form is reduced in the pairs comparing with the singular molecule. Different polarities are also observed for the paired systems according the molecular orientations and the participating atoms in the HB interactions. As highlighted remarks of this section, it could be mentioned that the intra-and inter-molecular geometries of FU structure have been changed during the paired interactions. The planarity and non-planarity have been both observed for the FU pairs. According to the evaluated energies, the binding properties and also molecular orbital levels all reflect the degree of HB interactions in the paired systems. Electronic properties regarding the separation of HOMO and LUMO energy levels indicate the effects of HB types in the paired systems. For electron transferring, fluctuations in the favorability of receiving or releasing of one electron are observed for the investigated molecular pairs of FU. Interestingly, for anionic form, the non-favorability of singular FU to receive one electron is changed to favorability of receiving one electron in the FU pairs. According to the molecular orientations and the participating atoms in the HB interactions, the polarities of molecular systems are changed among the pairs as indicated by the values of dipole moments.
In addition to molecular properties, atomic scale properties like quadrupole coupling constants are also important. Among which, obtained magnitudes of C Q (quadrupole coupling constants) could reveal insightful information about the electronic properties of matters at the atomic sites. The values of C Q for atoms of the investigated optimized models (Figs. 1-3 ) are summarized in Tables 3  and 4 . Since the electronic sites of atoms are perturbed during HB interactions, they could be well detected by the evaluated C Q properties.
The first FU pair (Fig. 2, panel a) has only one type of C@OÁ Á ÁHAN HB interactions, in which similar atoms are contributed to the intermolecular interactions. H1 and O2 are the major atoms directly related to HB interactions showing similar properties for two participating molecules. As it was mentioned earlier, the HB interactions are taken place because of electrons which were shared between the atoms. As could be seen from the magnitudes of C Q , H1 and O2 both lose their electrons in comparison with the parallel situation in the singular FU structures. Since the hydrogen atom has initial lack of electrons, the required amounts of electrons for HB interactions are provided by N1 atom as could be seen by a reduction of C Q for N1 atom from singular FU to the first pair. Due to indirect effects of HB interactions on the properties of heterocyclic ring, the status of electronic distribution in the ring is changed as could be seen by changes of bond orders in the figures. Parallel to this trend, the C Q 's are also changed for those atoms not directly participated in the HB interactions. In fact, there are no restrictions for electronic distributions in the chemical structures and they could be influenced by any perturbations on the original electronic distributions especially in the HB interacting systems. Among the atoms, since hydrogen atoms have actually lack of electrons, the changes of their properties because of indirect effects are almost negligible in comparison with other atoms. The lone pairs of electrons for nitrogen, oxygen, and fluorine atoms make them proper sites for detection of changes to electronic distributions by indirect effects of HB interactions as could be seen by comparisons of magnitudes for C Q properties in the singular FU and molecular pairs. In the first molecular pair, the two counterparts are in the same geometries as the participating atoms to HB interactions are H1 and O2. For the second pair (Fig. 2, panel b) , O2 atoms of both molecules contribute to HB interactions but H3 and H1 of molecules number 3 and 4 participate in the interactions. Therefore, similar properties are not observed for the atoms of counter-parting molecules. In comparison with the first pair, the intermolecular distances are longer for the second one and smaller magnitude of EB has been also observed in the earlier section. Accordingly, smaller changes of magnitudes for C Q of O2 atoms have been observed for the second pair in comparison with the first pair. The properties for H3 and H1 of molecules FU3 and FU4 detect the direct effects of HB interactions whereas those of H1 and H3 of the same molecules are kept almost unchanged. As mentioned earlier, the hydrogen plays as a bridge in the HB interactions original bonded atom to H that is still very important as could be seen here for N3 and N1 atoms of FU3 and FU4 respectively. The properties for N3 and N1 are significantly reduced in comparison with the original singular FU, meaning the supporting role of nitrogen atoms to provide electrons for sharing in the HB interactions. The changes for N1 and N3 in the same molecules of FU3 and FU4 are not significant as much as the changes for participating N atoms in the HB interactions. Interestingly, it seems that the electron is induced in the site of O4 of FU3 as could be seen by increasing of the C Q properties for this atom in the second pair regarding the lone molecule.
One important disadvantage of FU is its unwanted side effects for patients in the cancer therapies. Up to now, the results of the two pairs of FU indicate that the properties of each of FU pairs are not similar together, in which the properties for O4 atom is drastically induced in the second pair. Moreover, other atoms, which are not participated in the HB interactions, show the effects of geometrical variations in their electronic properties. The fluorine atom does not participate in HB interactions in the first set of pairs, but still shows the indirect effects of changes of electronic distributions in the heterocyclic ring because of HB interactions. In the real systems too many molecules are always gathered together; therefore, careful examinations of details of these gathering could be important due to their representing electronic properties as could be seen by the investigated pairs of FU. If the natures of molecules could be well determined, their corresponding behaviors and properties might be manageable. In the third FU pair of the first set, FU5 and FU6 interact together through HB interactions between O2 and H3 atoms. Similar atoms of the two molecules interact together in this pair like the first FU pair but here H3 is participated instead of H1 of first pair. Accordingly, N3 affected significantly by HB interactions due to contribution of H3 in the intermolecular interactions. Interestingly, the properties of two molecules are similar to each other and the major effects are observed for the properties of N3, H3, and O2 atoms in comparison with the evident molecule of singular FU. The indirect effects are still observed for other molecules especially for C2 atom which is existed in the interaction line as connected to the O2 atoms. The changes of distributions of electrons in the chemical structures of investigated models could be seen by the dash lines besides the covalent bonds, which are diverse for different bonds. The fourth FU pair (Fig. 2, panel d) , includes FU7 and FU8 molecules, which interact together through H3Á Á ÁO2 and O4Á Á ÁH1 interactions. The conditions of molecules for interactions are different and the intermolecular distances are something similar to the first FU pair. The atoms H3 and O4 of FU7 and the atoms H1 and O2 of FU8 are in the frontiers of HB interactions, in which their properties accordingly are affected significantly. Two carbon atoms of both molecules are influenced considerably compared to the previous paired models as could be seen by their magnitudes of C Q . Interestingly, the effects for F atoms are different from what was seen for previous models. The trends again insist on the importance of geometrical properties on the electronic responses of the corresponding structures. The atoms N3 of FU7 and N1 of FU8 play the roles of electronic supporting for their H atoms to participate in the HB interactions and the changes of their properties are significant in comparison with the singular FU. However, the changes for N1 of FU7 and N3 of FU8 are less significant in the investigated pair. The oxygen atom is always a good atomic site for contributing to possible HB interactions with other atoms and molecules and it plays a dominant role in this case. The results indicate that the properties for O2 atom are drastically changed by the inductions of electrons in this atomic site of FU7.
It is important to note that inductions of electrons in the atomic sites could increase the reactivity of that atom because of their different interactions with other molecules or atoms; hence, the side effects might rise. The molecules FU9 and FU10 belong to the fifth FU pair, in which H3 and O4 of FU9 and H3 and O2 of FU10 are directly participated in the HB interactions. According to the obtained C Q , the properties for N3 of both molecules are significantly changed due to their supporting role for H atoms. The properties for O4 and O2 of FU9 and FU10 are also changed due to direct effects of HB interactions. Within the current FU pair, the properties for O2 and O4 of FU9 and FU10 show the abnormal properties of electron inductions in their atomic sites. Interestingly, this pair is the most unstable one according to the binding energies among the first set of FU pairs, in which the magnitudes for C Q properties of oxygen atoms also reveal high reactivity for this one. For the sixth FU pair of the first set (Fig. 2, panel f) , the atomic sites of two molecules are similar for the HB interactions; H3 and O4. Parallel to the results of the first and third pairs of Fig. 2 , panels (a) and (c), the properties of atoms are expected to be similar for two molecular counterparts. For these types of similar FU pairs, the intermolecular distances thorough two HB interacting atomic sites are completely in the same magnitudes showing similarities of properties for the molecular counterparts of each investigated model. Moreover, the magnitudes of dipole moments are almost zero for the similar FU pairs showing a kind of electronic distribution in the paired molecular system. In the sixth FU pair, O4 is contributed to the HB interactions and the electron induction is still observed for the O2 atoms in both molecules, in which the magnitudes of C Q properties are increased in the FU pair regarding the singular FU. The properties of other atoms and also fluorine are also changed due to the indirect effects of HB interactions. As concluding remarks for the atomic properties of the first set of FU pairs, trends could be listed as follows: According to the geometrical properties, if similar atoms of two molecules interact with each other, the intermolecular distance of two interacting sites are the same. According to this geometrical similarity, the atomic properties of atoms are similar at the corresponding positions according to the equal magnitudes of C Q properties for each atomic type. Interestingly, the effects of HB interactions are observed for all atomic structures but emphasized for the directly interacting atoms. Moreover, the electron is induced for non-interacting oxygen atom, which could make the structures more reactive but less stable. It is important to note that there are two types of oxygen atoms in the FU structure, O2 as urea type and O4 as amide type. Therefore, the properties of these two oxygen atoms are initially different according to their own types. In fact, the different distributions of electrons separate the two types of oxygen atoms and their behaviors will be also characteristic for each one. Nitrogen atoms have supporting role for hydrogen atoms for contributing to HB interactions and they detect remarkable effects. The carbon atoms and also the fluorine atoms which are away from the HB interactions regions also detect the effects by the HB interactions. And finally, the molecular properties such as dipole moment could be explained by the atomic properties as could be seen by the zeromagnitude of dipole moment for the FU pairs with similar atomic properties for atoms of each counterpart.
The second set of FU pairs (Fig. 3) include CAFÁ Á ÁHAC, CAFÁ Á ÁHAN, and CAHÁ Á ÁO@C types of HB interactions in addition to the only C@OÁ Á ÁHAN type of HB interactions for the first set. The results are presented in Tables 3 and 4 and the figures are showed in the panels g-k of Fig. 3 . It is worth noting that, the strength of HB interactions for the second set of FU pairs are weaker than the first set according to their intermolecular geometries and binding energies. Parallel to the results of geometries and energies, the changes of magnitude for C Q properties in the HB interactions are expected to be smaller than those of the first set. FU13 and FU14 belong to the first pair of the second set (Fig. 3,  panel g ), which are interacting each other through strong C@OÁ Á ÁHAN and weak CAFÁ Á ÁHAC types of HB interactions. The changes of C Q properties for interacting O4 and H1 atoms show the effects of strong HB interactions but the properties for F and H6 atoms indicate that the interactions are weak. The properties for N1 of FU13 also confirm strong HB interactions for C@OÁ Á ÁHAN interaction. Here the changes of C Q properties for F and H6 atoms are small but important for the weak HB interactions. It is important to note that the electronic properties for atomic counterparts of weak HB interactions are slightly changed and they could not be easily measured, in which quantum computations could yield insightful information for them. The second pair of the second set involves FU15 and FU16 (Fig. 3, panel h) , in which the changes for C Q properties of H6 of FU15 and H1 of FU16 show that the HB interactions are strong enough to be well considered. Interestingly, CAH6Á Á ÁO2@C is a type of non-classical interactions but with notable effects on electronic properties. Interestingly, the changes for F atom of FU15 indicate that the CAFÁ Á ÁHAN is very well established in this FU pair. The strength of CAFÁ Á ÁHAN interaction is less than C@OÁ Á ÁHAN interaction but the changes of magnitudes for C Q properties indicate that the interaction is important. The third pair of the second set (Fig. 3, panel i) , includes CAFÁ Á ÁHAN and CAHÁ Á ÁO@C interactions, which are both important according to their observed effects by changes of their C Q properties from the original singular FU to this pair.
The HB type of CAHÁ Á ÁO@C interaction is very important because of its significant changes of properties. Here, it is again observed that the CAFÁ Á ÁHAN bond is weaker that the C@OÁ Á ÁHAN one but still strong enough to keep the molecules together in an appropriate distance. In the next FU pair (Fig. 3, panel j) , the situation is something similar to the last FU pair but O4 contributes to HB interactions instead of O2 of the last pair. By the obtained results, it could be understood that the role of H6 is dominant for the HB interactions among the investigated FU pairs. Since H6 is considered as a contributor to weak HB interactions, revealing the changes of its properties by the correct determinations of intermolecular interactions is very important. The final FU pair (Fig. 3,  panel k) , includes the similar atomic sites for contributing to weak HB interactions of CAFÁ Á ÁHAC types. It seems that the F atom attracts the shared electrons to its own side as could be seen by the increased value of C Q in comparison with the singular FU molecule. As concluding remarks of the second set of FU pairs, it could be mentioned that effects of interactions reflected less on the atomic properties in comparison to the first set of FU pairs. The weak HB interactions are taken place due to the dominant role of H6 atom through CAH counterpart for HB interactions. The planarity of FU pair could be perturbed as the O and F see each other in a close distance and it causes molecular repulsion to find a better intermolecular geometry. The electronic properties for noninteracting oxygen atom is still induced but is less than the induction as was seen in the first set of FU pairs. The properties of other non-interacting atoms could also be affected by the indirect effects of HB interactions but slight changes due to longer distance of intermolecular positions in the second set in comparison with the first set. The weak HB interactions are well established in the FU pairs, which are very well influenced by the changes of C Q atomic properties.
Conclusions
We have performed DFT calculations on all possible structures of FU pairs to investigate various types of HB interactions for these systems. The obtained results by optimizations indicated that the model structures could have different shapes according to their interactions situations, but are in planar systems. Moreover, electron transferring properties are also changed from the singular FU to paired molecules. The results indicated that the atomic C Q properties could very well detect the effects of HB interactions and they could also determine the strengths of HBs as weak or strong ones. The roles of H atoms in the HB interactions to connect the molecules together and also weak HB interactions are very well investigated. And finally, although the regular types of HB interactions are always important to be investigated, but irregular ones are also important due to their activities in determining the structural forms of base pairs.
